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INTRODUCTION 
ZOO W Y 0 . I  Al l l13V . I  1 

Man's exploration of space depends greatly on his ability to put heavier 

payloads into the space environment. The high-energy liquid propellants 

appear attractive as a means for improving rocket payload and mission capa- 

bility. 

the high-energy liquid propellants, their potential impulse, and their com- 

parative payloads. Such comparisons must consider rocket staging, structural 

efficiency, and mission requirements. 

attempt such evaluations. 

used with these high-energy liquid propellants. 

combinations w i l l  be considered: 

and for comparative purpose, Rp1 and oxygen. Also to be considered will be 

heated hydrogen for nilclear rocket applications. 

Much has been written in recent literature concerning rockets using 

It is not the intent of this paper to 

This paper is concerned with the turbopumps to be 

Three chemical propellant 

hydrogen and oxygen, hydrogen and fluorine, 

As evident by the propellant combinations to be considered, hydrogen 

is the.fue1 of interest. The use of hydrogen with its low molecular weight 

as compared with the oxidants and conventional fuels creates a different 

pumping problem which can result in changes in turbopump design concepts. 
I 

This paper w i l l  describe the general characteristics of these hydrogen-fuel 

turbopumps and discuss differences in the basic components, namely, pumps, 

drive turbine, and gearing.. 
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SYMBOLS 

f r o n t a l  area,  f t 2  

spec i f ic  heat a t  constant pressure, Btu/lb/OR 

accelerat ion due t o  gravity,  f t / secZ 

head rise across pump, f t  

ne t  pos i t ive  suction head, f t  

turbine- i n l e t  t o t a l  enthalpy, f t  - lb/lb 

spec i f ic  work, f t - l b / l b  

mechanical equivalent of heat, f t- lb/Btu 

constants 

number of pump or turbine stages 

r o t a t i v e  speed, r p m  

gearing power 

turbine t o t a l - t o - s t a t i c  pressure r a t i o  

net-posit ive suction pressure, l b / f t 2  

pressure, l b / f t 2  

volume flow r a t e ,  gal/min 

gas constant, f t / O R  

suction spec i f ic  speed 

turb ine- in le t  t o t a l  temperature 

average pump-rotor-exit blade speed, mean-section turbine blade 

speed, f t /sec 

tangent ia l  component of velocity, f t / sec  

weight, l b  

weight flow r a t e ,  lb/sec 

r a t i o  of spec i f ic  heats 

pump or turbine eff ic iency 
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A 

r 

V specif ic  volume, f t3/1b 

df 

Lu angular velocity,  rad/sec 

Subscripts : 

b bulk 

f f u e l  

i d  i d e a l  

0 oxidant 

P propellant 

P PUP 

T turbine 

t o t  t o t a l  

pump and turbine stage diagram parameter, AVu/U 

OVER-ALL TURBOPUMP CONSIDERATIONS 

A descr ipt ion of the major turbopump components and r e l a t i o n  of the 

turbopump t o  the rocket f l u i d  flow system can be made using f i g u r e  1 where 

a schematic diagram of a t y p i c a l  chemical system i s  presented. 

and oxidant pass from the tanks and enter  t h e i r  respective pumps. A s  the  

flow passes through the pumps i t s  pressure i s  r a i s e d  t o  the  l e v e l  required 

t o  meet the thrust-chamber pressure requirements. After discharge from the 

pumps the flow i s  passed t o  the thrust-chamber area.  A small percentage of 

both f u e l  and oxidant i s  seen t o  be bled off downstream of the  pumps and 

d i r e c t e d  t o  a gas generator where the two propellants a r e  burned. 

product of combustion (usual ly  f u e l  r i c h )  i s  then passed through t h e  dr ive 

turb ine  where the enerey required t o  provide the  necessary pump power is  ex- 

t r a c t e d .  Upon discharge from t h e  turbine the  gases a r e  exhausted overboard. 

The f u e l  

The 
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The turbine i s  shown connected t o  both pumps through gearing, because these 

components, i n  general, desire  t o  operate a t  d i f f e r e n t  r o t a t i v e  speeds. 

The turbopump a f f e c t s  the  rocket performance i n  two ways. F i r s t ,  the  

flow t h a t  i s  diver ted through the  tu'rbine reduces the rocket s p e c i f i c  im- 

pulse, considered herein as the r a t i o  of t h r u s t  t o  total-propel lant-  
I 

rl 8 consumption r a t e , M T h u s ,  ss 

r a given s t r u c t u r a l  weight, 

t h i s  would then mean a reduction i n  payload. Second, the turbopump weight, 

a l s o  being part of the empty weight, i s  s ign i f icant  as changes i n  i t s  value 

I 

W 
& 

I r e s u l t  i n  corresponding required changes i n  payload. 

These two charac te r i s t ics ,  turbine flow r a t e  and turbopump weight, are, 

i n  general ,  r e l a t e d  t o  each other through the  turbopump ef f ic iency  considered 

herein as the  product of the pump and turbine e f f ic ienc ies .  A reduction i n  

flow rate i s  obtained through an increase i n  efficiency. 

eral, t h i s  improved eff ic iency i s  obtained a t  the expense of increased turbo- 

pump weight, primarily i n  the area of the  turbine.  In  view of t h i s  counter- 

balancing effect ,  it i s  of i n t e r e s t  t o  know the  r e l a t i v e  s ignif icance of 

these  two f a c t o r s  so  t h a t  the desired direct ion,  high eff ic iency or low 

weight, can be established. 

exmple  high-energy-propellant application. Percent increase i n  turbine 

flow rate i s  presented as a function of percent increase i n  turbopump weight. 

The l i n e  represents the  r e l a t i o n  between these two fac tors  t h a t  yields  no ne t  

change i n  the r a t i o  of rocket payload t o  gross weight. 

f o r  t h i s  example, a 20-percent increase i n  flow r a t e  must  be matched by a 

60-percent reduction i n  turbopump weight. 

s t r a i g h t  l i n e ,  these numbers can be in te rpre ted  as indica t ing  a r a t i o  of 

However, i n  gen- 

Such a comparison i s  made i n  f igure  2 f o r  an 

It can be seen t h a t ,  

Since the curve i s  almost a 
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weight t o  flow r a t e  of 3 t o  1. From these considerations, it i s  evident 

t h a t  low flow r a t e s  a r e  desired,  even a t  the  expense of some turbopump 

weight. Through the  r e l a t i o n  of flow r a t e  t o  eff ic iency,  it i s  then ind i -  

dIw-cP--&+ 2- 
cw-&c A . 4  

PUMP CONSIDERATIONS 

The purpose of the pump i s  t o  increase the  f l u i d  pressure l e v e l  from 

t h a t  i n  the  tank t o  t h a t  required t o  e s t a b l i s h  the  t h r u s t  chamber pressure.  

A wide range of design parameters can be considered with the f i n a l  se lec t ion  

being based on the requirements of e f f i c i e n t  operation and l i g h t  weight. 
1 

This sect ion w i l l  present a discussion of the  e f f e c t s  of the  high-energy 

propel lants  being considered herein on pump hydrodynamic design, as well as 

pump s i z e  and weight charac te r i s t ics .  

The pump pressure charac te r i s t ics  are usually described i n  terms of 

head of f l u i d .  The head r i s e  across the pump can i n  t h i s  way be r e l a t e d  t o  

i t s  pressure rise by the equation: 

H = A p  P v (1) 

This value of head i s  a l s o  equal t o  the i d e a l  spec i f ic  work input which can 

be expressed i n  terms of the  pump-stage veloci ty  diagrams as shown i n  the 

next equation: 

The tangent ia l  veloci ty  ( V u )  a t  the pump i n l e t  i s  assumed equal t o  zero. 

The combination of equations (1) and ( 2 )  and use of a stage diagram param- 

e t e r  $, where $ i s  equal t o  AV,/U, r e s u l t s  i n  the following equation: 
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The high-energy propellants represent a very wide range of f l u i d  s p e c i f i c  

volumes as i l l u s t r a t e d  i n  f igure  3. 

near 0.01 and l i q u i d  hydrogen has a spec i f ic  volume near 0.22. For the  f o l -  

lowing discussion, RP1, Oxygen ( O z ) ,  and f luor ine  (Fz) will be considered as 

being of low spec i f ic  volume, whereas hydrogen (HZ) w i l l  be considered as 

being of high s p e c i f i c  volume. 

Liquid f luor ine  has a s p e c i f i c  volume 

From equation ( 3 ) ,  f o r  a given pump pressure rise, 

v = K&+N) (4 1 
For a given eff ic iency,  the product i n  parentheses must vary d i r e c t l y  as the  

s p e c i f i c  volume of the f l u i d ,  and encounters a range of 22 t o  1 between the 

heavy f l u i d s  RP1, 02, and F2 and the  l i g h t  f l u i d  hydrogen. 

Pump designs f o r  the  low spec i f ic  volume f l u i d s  require  a r e l a t i v e l y  

low value of the product (U2+N). 

values of both rotor-blade speed U and Jr can be u t i l i z e d  t o  obtain the  

required pump pressure rise. These pumps u t i l i z e  backward swept blades with 

Jr values of the order of 0.5. Even with low values of Jr the  rotor-blade 

speeds t o  obtain t h e  required head r i s e  will be wel l  below the  desired tur-  

bine speeds. A single-stage pump of t h i s  type i s  shown schematically i n  

f i g u r e  4 ( a ) .  

Thus, single-stage pumps with moderate 

Pumps of t h i s  type are i n  use i n  current  turbopump designs. 

A single-stage pump similar t o  the heavy-fluid pump shown i n  f igure  

4 ( a )  could be used f o r  hydrogen by increasing the  rotor-blade speed U by 

t h e  maximum r a t i o  of approximately 22 t o  1. I n  general, an increase i n  U 

of t h i s  magnitude cannot be achieved because of r o t o r  s t r e s s  l imi ta t ions .  

Thus, single-stage hydrogen pumps w i l l  u t i l i z e  both high values of t h e  

diagram parameter II, and a high rotor-blade speed U. A pump of t h i s  type 
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i s  shown i n  f igure  4 ( b ) .  The pump i s  a radial-blade cent r i fuga l  un i t  opera- 

t i n g  a t  a $ value of 1.0. Configurations similar t o  t h i s  type a r e  required 

f o r  a r o t o r  design u t i l i z i n g  high values of $. It should be noted t h a t  the 

r o t o r - t i p  radius  i s  large compared .with t h e  i n l e t  radius .  

g Greater f l e x i b i l i t y  i n  t h e  design of hydrogen pumps e x i s t s  t h e  de- 

s ign i s  not l imited t o  single-stage rotors .  

shorn- i n  f igure  4 ( c )  would make possible a reduction i n  both the t i p  radius  

and the  diagram parameter $. A t h i r d  hydrogen-pump configuration i s  shown 

i n  f i g u r e  4(d)  where numerous a x i a l  stages having r e l a t i v e l y  low values of 

$ are used. The three pump types shown f o r  the  hydrogen case may have d i f -  

f e r e n t  e f f ic iency  charac te r i s t ics  due t o  stage losses  (which a r e  a function 

of $), as well as in te rs tage  losses  incurred f o r  the multiple-stage units. 

Since, as pointed out previously, high pump e f f i c i e n c i e s  are desired,  the 

f i n a l  select ion of pump configuration would probably be made on t h i s  basis .  

Another hydrodynamic-pump design consideration i s  the c a v i t a t i o n  prob- 

The tendency for a pump t o  cavi ta te  i s  usually judged from the simil- 

A two-stage hydrogen pump as rl 
0 
M 

!& 

lem. 

a r i t y  parameter, suction spec i f ic  speed, defined as 

which r e l a t e s  the r o t a t i o n a l  speed, volume flow r a t e ,  and i n l e t  net-posi t ive 

suct ion head. 

operation a t  inc ip ien t  cavi ta t ion,  with associated l imi t ing  values of suc- 

t i o n  spec i f ic  speeds of the order of 10,000. 

i n  order t o  meet t h e  pressure requirements with small lightweight pumps, it 

i s  necessary t o  go t o  suction specif ic  speeds over t h i s  l i m i t .  Pumps which 

can t o l e r a t e  cavi ta t ion without undue losses  i n  eff ic iency have been 

Conventional pract ice  i n  pump design fixes the  l i m i t  of pump 

For rocket engine applicationo 
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Cfi kr 
developed. Careful design hem producet#pump r o t o r s  which operate a t  suc- 

t i o n  s p e c i f i c  speeds of the order of 30,000. 

Since Hsv = Psvv, equation (5) can be wri t ten as: 

I-l 
From t h i s  equation the large e f f e c t  of f l u i d  spec i f ic  volume on r o t a t i o n a l  

speed can be observed. The high spec i f ic  volume of l i q u i d  hydrogen allows 

the use of high r o t a t i o n a l  speeds n without exceeding a given l i m i t  of 

suct ion s p e c i f i c  speed. However, the pump configurations required f o r  hydro- 

gen can limit the  poten t ia l ly  higher r o t a t i o n a l  speed due t o  r o t o r  s t r e s s .  

Thus, because of this s t r e s s  l imitat ion,  hydrogen pumps may not be ab le  t o  

u t i l i z e  t h e  high suction s p e c i f i c  speeds. This i s  especial ly  t r u e  f o r  the 

radial-flow cent r i fuga l  pump shown i n  f igure  4 ( b ) .  The smaller t i p -  

diameter, two-stage hydrogen pump more near ly  u t i l i z e s  the high suct ion 

s p e c i f i c  speed, whereas the multistage axial-flow pump may e a s i l y  u t i l i z e  a 

l imi t ing  suction spec i f ic  speed. On the other  hand, the pump configuration 

s u i t a b l e  f o r  the low spec i f ic  volume f l u i d s  does not impose t h i s  s t r e s s  

l i m i t a t i o n  and therefore,  high l imit ing suction spec i f ic  speeds can be 

u t i l i z e d .  

The pump s i z e  and weight charac te r i s t ics  w i l l  be discussed on a per  

u n i t  pump flow and on a per  u n i t  propellant flow basis .  With these charac- 

t e r i s t i c s  known on a spec i f ic  basis ,  it i s  easy t o  convert them t o  ac tua l -  

s i z e  comparisons. 

Pump weight s tudies  have shown it t o  be a function of f r o n t a l  a rea  and 

number of stages.  That i s ,  

w =KAF N P YP 
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Dividing through by wp yields  

Now the f r o n t a l  a rea  of the pump i s  re la ted  t o  

the equation 

U and the  r o t a t i v e  speed by 

The use of equations ( 3 )  and ( 6 )  i n  equation ( 9 )  with appropriate modifica- 

t i o n  y ie lds  

Thus, i f  App, Psv, and q a r e  assumed constant, then 

Subs t i tu t ing  equation (11) i n t o  (8) yields  

Comparison of the pump s i z e  and weights on a per  u n i t  pump flow bas is  

i s  can be made using equation (12) where f o r  the  RP1, 02, and F2 cases 

assumed equal t o  0.5 and SS i s  at i t s  l imi t ing  value. For t h i s  comparison, 

the  hydrogen pump i s  assumed t o  use a = 1 with the associated SS re- 

duced t o  one-half the  l i m i t  used f o r  the  dense f l u i d s .  

viously,  a reduction of 

pump as a r e s u l t  of the pump stress l imi t s .  

e f f e c t  of $ and SS i n  equation (12), it i s  f e l t  t h a t  t h e  comparative 

r e s u l t s  obtained using t h i s  pump are  representat ive of  those t o  be obtained 

$ 

As discussed pre- 

SS would probably be encountered f o r  t h i s  type of 

Because of the  counterbalancing 
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f o r  t h e  multistage un i t s .  Comparative s i z e  ( i n  terms of f r o n t a l  area)  and 

weight cha rac t e r i s t i c s  obtained on t h i s  basis a re  presented i n  f igu re  5.  

Here it i s  seen t h a t  t he  spec i f ic  s izes  and weights of t h e  dense f l u i d s  

a r e  comparable i n  l eve l .  The hydrogen pump, on t h e  other  hand, i s  approx- 

imately e ight  times t h e  s i z e  and weight of t he  heavy f l u i d  pumps. 

I A comparison of the  weights on a per un i t  propel lant  flow b a s i s  can 

be made using the  following equation which relates the  pump spec i f i c  weight 

defined by equation ( 1 2 )  t o  the t o t a l  pump spec i f i c  weight 

d 

8 
!4 

, 
Wp,tot - - -+) Wf wf + p (l - ;) 

f P  W P 

where 

be se lec ted  f o r  t he  propel lant  combination considered. Comparative values 

of 

t i ons  considered using values of 0.30, 0.15, and 0.07 f o r  the RP1-02, H2-02, 

and Hz-Fz cases, respect ively.  

shows t h a t  t he  RP1 - O2 case has the  lowest spec i f i c  weight with the  Hz-Fz 

case only s l i g h t l y  greater .  

case by approximte ly  100 percent w h i l e  the H2 case i s  grea te r  by an amount 

on the  order of 600 percent. Figure 6 a l s o  ind ica tes  the  general  spec i f i c  

s i z e  cha rac t e r i s t i c s  f o r  the four  propellant combinations. 

wf/wp o r  r a t i o  of f u e l  f l o w  r a t e  t o  to ta l -propel lan t  flow rate must 

WpYtot/wP were computed from equation (13) f o r  the  propel lan t  combina- 

The r e su l t s  are presented i n  f i g u r e  6 which 

The H2-02 case i s  g rea t e r  than the  RP1 - O2 

It might again be noted that t h i s  i s  not a comparison of a c t u a l  weights 

and s i z e s .  Due t o  the  impulse advantage of H2, f o r  example, t h e  weight and 

s i z e  of t he  H2 pump may be comparable t o  those of t he  corresponding RP1 and 

O2 pumps i n  rockets having equal missions and payloads. 

because of the  g rea t ly  reduced flow r a t e  f o r  the  H2 case. 

This would occur 
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TURBINE CONSIDERATIONS 
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0 
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The purpose of the  turbopump drive turbine i s ,  of course, t o  provide 

s u f f i c i e n t  power t o  the pumps t h a t  the required pressure r i s e  and flow rate 

are at ta ined.  A s  pointed out i n  a previous discussion, a m i n i m u m  turbine 

flow r a t e  i s  desired. 

product of flow r a t e  times s p e c i f i c  work output, it i s  then evident t h a t  

Since the  t o t a l  power developed by the turbine i s  the  

these turbines w i l l  be high spec i f ic  work output units. 

The per t inent  f a c t o r s  a f fec t ing  the spec i f ic  work output of the turbine 

can be discussed using the following equation: 

From equation (14) it i s  evident t h a t  the  s p e c i f i c  work output i s  p r i -  

marily a function of turbine efficiency, spec i f ic  heat ,  i n l e t  temperature, 

and t h e  pressure r a t i o  across the turbine. 

s i r e d  because of i t s  d i r e c t  e f f e c t  on A h ' .  

High ef f ic iency  i s  obviously de- 

The influence of pressure r a t i o  

i s  i l l u s t r a t e d  i n  f igure 7 where the r a t i o  of i d e a l  specif ic  work output t o  

turb ine- in le t  enthalpy which i s  considered a work p o t e n t i a l  and defined by 

the  equation 

i s  presented as a function of the r a t i o  of i n l e t  t o t a l  pressure t o  e x i t  

s t a t i c  pressure Pr f o r  r = 1.35. Figure 7 ind ica tes  that up t o  pressure 

r a t i o  values of 10 t o  15 there  i s  a rapid r i s e  i n  work poten t ia l .  A s  pres- 

sure r a t i o s  i n  excess of these values are used, however, not much addi t iona l  

p o t e n t i a l  i s  obtained. From f i g u r e  7 it i s  evident that, due t o  the 
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d e s i r a b i l i t y  of high spec i f ic  work output, high pressure r a t i o s  (10 and 

above) are desired. 

If a pressure r a t i o  i s  specified,  together with a turbine l imi t ing  in-  

l e t  temperature and turbine efficiency, then from equation (14) it i s  seen 

that s p e c i f i c  work output will vary d i r e c t l y  with the  s p e c i f i c  heat c of 

the  turbine-drive f l u i d .  Therefore, a comparison of the values of c f o r  

various turbine-drive gases w i l l  indicate  the corresponding l e v e l  of turbine 

spec i f ic  work output. 

l e f t  port ion of f igure  8 f o r  the propellant combinations being considered 

herein.  

tu rb ine- in le t  temperature of 1400' F. Comparison of the c values shows 

t h a t  t h e  high-energy chemical propellants (H2-02 and H2-F2) will develop a 

P 

P 

This property i s  presented i n  bar-graph form on the 

They represent nominal values f o r  a f u e l - r i c h  mixture with a 

P 

1 s p e c i f i c  work output 3 times that of the low-energy propel lant  (RP1 - 0 2 ) .  

The H2 case gives a corresponding value of approximately f i v e  times that of 

RP1 - 02.  

be r e l a t i v e l y  high specific-work-output uni ts .  

Therefore, the turbines  using the high-energy propel lants  w i l l  

I n  order t o  determine the e f f e c t  of propellant combination on the r a t i o  

of turbine flow rate t o  propellant flow ra te ,  the  r e l a t i v e  power requirements 

must a l s o  be known. The pump discussion has shown t h a t ,  f o r  a given pump 

ef f ic iency  and pressure r i s e ,  the work required per u n i t  pump flow i s  propor- 

t i o n a l  t o  the  spec i f ic  volume of the f l u i d .  Under s imilar  specif icat ions,  

the  power required of the turbine per un i t  propellant flow rate i s  propor- 

t i o n a l  t o  the bulk s p e c i f i c  volume of the propellant,  o r  the  r a t i o  of t o t a l  

volume being passed by the  pumps t o  the t o t a l  weight flow r a t e .  

t i o n  form 

I n  equa- 

V = V o ( l  - 2) +vf(y 
wP wP 
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A comparison of t h e  v b  

requirements. The values of Vb f o r  t he  propel lant  combinations are shown 

i n  the  middle of f igu re  8. 

Hz-F~ and H2-02 cases succeedingly g rea t e r .  

g rea te r .  

values then ind ica tes  t he  r e l a t i v e  turbine power 

Again the RF'1 - 02 case i s  the lowest with the  

The H2 case i s  again much 

The turbine flow cha rac t e r i s t i c s  can now be invest igated using t h e  pre- 

viously discussed r e l a t ions  t h a t  y ie lds  the  equation 

b V - = K -  wT 

WP cP 

The r a t i o  vb/cp 

p e l l a n t  combinations. 

p rope l lan ts  ac tua l ly  require  less flow rate than the  RP1 - O2 case with t h e  

Hz-Fz case being considerably l e s s  (approximately 1/2). 

requi res  more flow rate, being approximately 2~ times that required f o r  the  

RP1 - O2 case. 

i s  shown on the r i g h t  of f i gu re  8 f o r  t he  four  pro- 

Here it can be seen that the  high-energy chemical 

Only t h e  Hz case 
1 

The primary geometric differences among the  dr ive  turbines  f o r  t he  pro- 

p e l l a n t  combinations under consideration can be described by f i r s t  consider- 

i ng  t h e  manner i n  which the  turbine spec i f ic  work output i s  obtained. 

equation f o r  turbine spec i f i c  work output considering equal work per  turb ine  

s tage  i s  

me 

where U i s  the  blade speed and AVu i s  the  change i n  whir l  component of 

v e l o c i t y  across  the  s tage a t  the  mean sect ion.  

$ = AV,/U 

If the  diagram parameter 

i s  employed, then 
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Now the  se l ec t ion  of a value of $ has an e f f e c t  on 7 similar t o  

t h a t  f o r  pumps. This e f f e c t  i s  i l l u s t r a t e d  i n  f i g u r e  9 where t h e  r a t i o  of 

7 t o  a peak value i s  shown as a function of 9. The e f f i c i ency  reduces a l -  

most l i n e a r l y  from i t s  maximum value as $ i s  increased from uni ty .  Because 

of t h e  d e s i r a b i l i t y  of high ef f ic ienc ies ,  low $ values a r e  therefore  de- 

s i r e d  with representat ive values used ranging from 2 t o  4. 

Returning t o  equation (19) it i s  seen tha t ,  f o r  a f i x e d  value of 

Ah' va r i e s  as Nu2. In  order t o  minimize the number of s tages ,  it i s  ev i -  

dent that high turbine-blade speeds are desired.  Since there  are, however, 

l imi t ing  values of U from r o t o r  blade cent r i fuga l  stress consideration, 

U will be f ixed  a t  a maximum value. Final ly ,  then, the  va r i a t ion  i n  Ah '  

reflects i n  t h e  va r i a t ion  i n  the  required number of turbine s tages .  

$, 

A comparison of s tage number f o r  t he  four  propel lant  combinations can 

be made by r e fe r r ing  t o  f igu re  8 which presents  t he  

represent ing the  r e l a t i v e  l e v e l  of turbine spec i f i c  work output. 

as t h e  basis, it can be seen t h a t  the H2-02 and H2-F2 cases will require  

over t h ree  t i m e s  t he  number of turbine s tages  as the  RP1 - 02 case.  

Hz case six times the  number of stages i s  required.  

c cha rac t e r i s t i c s  as P 

Using c 
P 

For the  

The turbines  f o r  t h e  four  propel lant  combinations are i l l u s t r a t e d  i n  

f i g u r e  10 with the  RP1 - 02 case using a s ingle-s tage u n i t  as a bas is .  

diameters of these turbines  are scaled on a per u n i t  propel lant  flow bas is  

and obtained from an  equation derived as follows: 

quirements and gas-s ta te  conditions, t he  f r o n t a l  a rea  per  unit turbine flow 

rate i s  r e l a t e d  t o  the  gas constant by the  equation 

The 

For similar stress re- 

AF T - = K a  
wT 
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I .: 

Now 

rl 
0 
M 

I w 

(21) 
-=)T.- AF T %' "T 

wP "T wP 

So i f  equations (17)  and (20) a r e  subs t i tu ted  i n t o  equation (21)  together  

w i t h  the r e l a t i o n  

the following equation f o r  A F , ~ / w P  i s  obtained as 

b U AF T A S K -  

wP & 
Equation ( 2 2 )  was then used t o  s i z e  the turbines  i n  f igu re  10. The 

RP1 - 02 and H2-F2 turbines  are comparable i n  diasleter w i t h  the H2-02 and 

% tu rb ines  increasing successively i n  s ize .  

sons are on a pe r  u n i t  propel lant  f l o w  basis and not  f o r  a given appl icat ion.  

Therefore, a comparison of the turbines f o r  a given appl ica t ion  would require  

Note again that these compari- 

a knowledge of t he  ac tua l  flow ra t e s  f o r  d i f f e r e n t  propel lants .  

One add i t iona l  turbine cha rac t e r i s t i c  t o  be considered i s  i t s  spec i f i c  

weight (weight per  u n i t  propel lant  f low).  Turbine-weight s tud ie s  have re- 

s u l t e d  i n  the following equation r e l a t ing  weight t o  stage number and s ize :  

U s i n g  this equation together with equation (22)  and the d i r e c t  r e l a t i o n  be- 

tween N and cp discussed previously it follows that 

WT - = Kvb 
W P  
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Thus comparison of the weight charac te r i s t ics  can be made by re fer r ing  t o  

f igure  8 where 'b  i s  compared. From t h i s  comparison, it i s  evident that 

some penalty i n  spec i f ic  weight i s  required f o r  the high-energy chemical 

propellants w i t h  a considerable penalty paid f o r  the H2 case. 

ARRANGEMENT AND GEARING CONSIDERATIONS 

The f i n a l  turbopump fac to r s  t o  be considered i n  t h i s  paper w i l l  be the  

turbopump arrangement and associated gearing considerations. 

ment, which involves the  manner i n  which the pumps and turbine are con- 

nected, can be discussed by re fer r ing  t o  the findings i n  the pump and t u r -  

bine sections.  There it was found that the high-density f l u i d s  (W1, 02, 

F2) desired a r e l a t ive ly  low blade speed, whereas f o r  the  H2 pump and a l l  

drive-turbines high blade speeds were desired. 

arrangements that appear a t t r a c t i v e  from t h i s  consideration a r e  shown i n  

schematic form i n  f igure  11. 

i s  desired.  

appears best .  

The arrange- 

The r e su l t an t  turbopump 

For the RP1 - 02 case,  gearing t o  both pumps 

For the  H2-02 and Hz-F~ cases gearing t o  the oxidizer pumps 

Similarly,  f o r  the H2 case d i r e c t  dr ive appears t o  be bes t .  

These d i f f e ren t  gearing arrangements can be used t o  determine whether 

the  gearing problem will be more severe f o r  the high energy propellants than 

f o r  the  low. 

t o  the  pumps through the  gearing. 

The basis f o r  comparison w i l l  be the power t o  be transmitted 

A comparison of t h i s  power requirement 

can be made using the following equations. 

- = K v o l  pG wP [ ( - ; ) + v f  

For the RP1 - 02 case: 

- 16 - 



since a l l  the power i s  transmitted through gearing. For the  high-energy 

chemical units 

- -  pG - K v o ( l  - $) 
wP 

since only the  oxidizer-pump power i s  being transi~ii t ted.  For the HZ case, 
rl w of course, 

- 0  
pG - -  
W P 

The r e s u l t s  of calculat ions made with these equations i s  shown i n  bar- 

graph form i n  f igure  1 2 .  The f igure  shows t h a t  the  spec i f ic  power t rans-  

mit ted f o r  the high-energy chemical propellants i s  l e s s  than t h a t  f o r  the 

low-energy propellant (zero f o r  the H2 case) .  

power, a less severe gearing problem i s  indicated.  I n  the a c t u a l  case, t h i s  

Therefore, based on spec i f ic  

difference i s  even more pronounced due t o  the flow r a t e  of the  high-energy 

propel lants  being considerably l e s s  than t h a t  of the low-energy propellants.  

It might be noted tha t ,  i n  cases where low hydrogen-tank pressures a r e  

used, d i r e c t  coupling between the  turbine and hydrogen pump would r e s u l t  i n  

a turb ine  of such s i z e  and weight t h a t  gearing a smaller turbine t o  t h i s  

pump would r e s u l t  i n  a l i g h t e r  over-all  turbopump weight. The f i n a l  selec- 

t i o n  would be based on consideration of not only weight but a l s o  complexity 

and r e l i a b i l i t y  a t  the  increased gearing power leve ls .  

CONCLUDING REMARKS 

This paper has presented a discussion of turbopump c h a r a c t e r i s t i c s  f o r  

high-energy propellants.  Significant conclusions of t h i s  study a r e  as 

follows : 

- 17 - 
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1. The turbopumps f o r  the high-energy propellants u t i l i z ing  hydrogen 

as the fue l  appear la rger  and heavier on a un i t  propellant-flow basis  than 

f o r  the conventional turbopumps. However, the ac tua l  turbopump s i ze  and 

w e i g h t  may be equivalent t o  the conventional turbopump due t o  the consider- 

ably reduced f l o w  r a t e  occurring as the r e s u l t  of the higher impulse. 

2. Because of the high specif ic  volume of l iqu id  hydrogen, hydrogen 

pumps a r e  bas ica l ly  high-power and high-blade-speed units.  This high-speed 

charac te r i s t ic  makes d i r ec t  drive between the turbine and the hydrogen pump 

a t t r ac t ive .  

3. Turbines with multiple stages a re  required f o r  the high-energy pro- 

pe l lan t  applications t o  achieve high efficiency and thus low turbine flow 

rates . 
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F i g .  1. - Schematic  diagram of t y p i c a l  turbopump system. 
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+20 +4 0 +60 
Inc rease  i n  turbopump weight ,  pe rcen t  

Fig. 2 .  - Example s i g n i f i c a n c e  of turbopump weight and t u r b i n e  
flow ra te  f o r  a g iven  r a t i o  of r o c k e t  payload t o  g r o s s  
weight .  
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F i g .  3. - Comparison of propellant specific 
volumes. 
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Fig .  6. - Effect of propellant combination 
on total pump specific weight. 
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F i g .  1 2 .  - Comparison of gear ing  s p e c i f i c  power 
requirements .  
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